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FLOW VISUALIZATION OF TRANSIENT AND OSCILLATORY
SEPARATING LAMINAR FLOWS

0. P. Telioni, end C. P. Koro mi las
Virginia Polytec hnic Institute and State University

Blacksburg, Virg inia

ABSTRACT v,ind tunnel. Using hot wire anemometers , they were able
to verify the theoretical model of equation (2) at

Unsteady laminar viscous flows are investigated least for the case of downstream moving walls. Tennant
experimentally. Special attention is directed towards and his associates (Tennant and Yang. [81; Tennant .
the response of separation to impulsive or oscillatory [9]) also performed experiments with moving boundaries
changes of the pressure gradient. Experiments are for both laminar and turbulent flow. Their findings
performed in water tunnels constructed especially for pertain to skin velocities much larger than the free
t h is stud y. Water or glycerin—water mixtures are used stream and always downstream motion of the skin.
to achieve low Reynolds numbers with not so small Despard and Miller [10] again inspired by the analytical
actual velocities. The method of measurement is work of Moore [31 for laminar flow and the experimental
essentiall y based on visualization techniques , es— work of Sandborn [11] for turbulent flow, considered
pecially developed for this investigation. The results the problem of an oscillating outer flow velocity and
confirm earlier ~.nalyttcal and experimental evidence proposed a definition for a mean location of separation.
that upstream of the point of separation , a thin Working with air and using hot wire anemometers , they
reversed flow layer may exist or equivalently, that were also able to verify that in unsteady flow the
zero skin fric tion is not a proper criterion of sepa— location of zero skin friction is not necessarily
ration for unsteady flows. The criterion of Deepard related to the phenomenon of separation. In a very
and Miller for oscillatory flows is proved to be valid recent effort , Simpson [121 and Kenison [131 inves—
for the few cases of oscillations considered here. For tigated experimentally the neighborhood of separation
transient flows the problem is more complex. The of an oscillating turbulent boundary layer . Kenison
present data may offer some physical insight on trans— reports that as separation is approached , fluc tuating
l.~nt separation and may eventually lead to appropriate velocity overshoots and phase angles indicate sharp
theoretical modeling of the phenomenon, changes. However, the basic features of oscillat ing

turbulent separation are similar to those of laminar
separation.

INTRODUCT ION
Telionis and Werle [14] showed analytically that

One of the most important characteristics of for steady boundary—layer flow over moving walls , the
v iscous flow is the phenomenon of separation. This location of zero akin friction is noneingular, while a
term in the language of aerodynamics means the break— typical separation singularity appears at the station
away of the flow from a bounding surface and the where Moore , Rott and Sears predict separation. A
in itiation of a wake. For the case of steady two— substantial number of analytical investigations on the
d imensional or axisynmsetric flow over fixed walls, a topic have already appeared as reviewed recently by
criterion for separation was suggested by Prandtl (1] Sears and Telionis (15) and Williams (16]. However the

available experimental data up to now is inadequate to
validate the models of unsteady separation.

- O a t y O  (1)y 
The work of Vidal and Ludwig pertains only to

where u is the velocity component parallel to the wall steady flow, and the work of Despard and Miller is
and y is the coordinate perpendicular to the wall, confined to o8cillatory flows with high frequencies
Thi8 criterion proved to predict the phenomenon cor— and Reynolds numbers. Our knowledge, therefore , about
rectly and it has been used extensively by both theo— this complex phenomenon is remarkably narrow and
reticians and experimentalists for over fifty years. seriously in need of more intensive investigation.
However , Sears (21 Moore (3 1, and Rott (4, 5], demon— This can be accomplished both by methods of flow
strated that Prandtl’s criterion (Eq. (1)) is m ade— visualization, and by hot wire anemometer techniques.
quate for cases other than steady flow over fixed walls Visualization methods were employed by Schraub et. al.
and indicated the need for a generalized definition and (173 Werle (18), Ruiter , Nagib and Fejer (191 and
a convenient criterion for separation. They also McCroskey (20] to study unsteady viscous flow phe—
suggested independently a more appropriate criterion nomena, but the specific cases considered and the scale
for the case of steady flow over moving wall., namely of the models were designed for a study of the entire
(see Fig. 1.2) flow field. There was no emphasis on the features of

the unsteady boundary—layer and in particular sepa—
— 0 at u — 0 (2) ration. In a most recent effort Cart, McAlister and

McCrosksy (21] employ a variety of sensing devices
Sears (2) ant. Moore (3) proposed a definition of ranging from flow visualization methods (tufts, smoke)

unsteady separation which is essentially equivalent to to pressure or velocity measuring methods (pressure
the above condition (equation (2)) expressed in a transducers, hot wire anemometers etc.) to study the
coordinate system moving with the point of Separation. phenomenon of unsteady stall. In thi. study some basic

features of unsteady separation were verified. In
4 Vidal (61 and later Ludwig (7] performed experi— ?articular pressure and velocity signatures throughout

ment. with a cylinder rotating in the te:t section of a 
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on the a i r fo i l  and compared with flow visualizat ion
data.

In the present paper we report on our experimental I
investigations of unsteady boundary layer separation.
In an effort to receive an overall picture of the ‘

~
“‘ C

phenomenon it was decided to magnify and visualize the -

inmiediate neighborhood of separation. To this end a w,a,~u.s

L lowspeed water tunnel was designed and constructed. I I “ “°‘
Flow visualization was accomplished by dispersion of I

solid particles with density very close to the density 
~f- 

- - ‘~~~~
- ~ - 1 ° 1 1 ~of water. The method developed and described in this 

~~ 
/ - I..~ ~ ~ 33~ C J~ ~paper can capture approximately the instantaneous 

- ~~~~~ ~~~~~~~~ I ,.i 
~~~ ~~~~~~~~~~~~ 

.1
velocity f ie ld.  Boundary layer velocity prof i les  were ~~~~~~~ v~~.,,i a.,è ~~~~~~~~~~~~~

generated in this manner f or transient and oscillatory
velocity fields. Glycerin—water mixtures were used to
achieve low Reynolds number flows with measureable
magnitudes of velocity. Figure 1

In earlier studiea of visualization it was attempted The VPI low speed water tunnel. All the dimensions in
to generate information about the whole flow field. As all figures are in ma.
a result, the details and the mechanism of unsteady
separation were not adequately revealed. In the
present study, special effort is directed towards the A circular to rectangular converging section leads
amplification of the neighborhood of separation. In to the short diffuser and the settling chamber. (see
most of the flows visualized the frame of visualization Fig. 1) Guide vanes situated in the diffuser Cut the
is of the same order of magnitude with the boundary size of large eddies and suppress separation on the
layer thickness. Except of the work of Despard and walls of the diffuser. At the upstream end of the
Miller (101, quantitative boundary layer data in the settling chamber two aluminum honeycombs are situated
neighborhood of laminar separation are presented here as shown in Fig. 1. These honeycombs are made by Hexcel—
for the first time. Despard and Miller concentrate in Bel Air and have hexagonal openings of approximately 3
oscillatory flows. In the present paper we compare our cm2 cross—sectional area and a diameter to length ratio
data with those of Despard and Miller and reconfirm the equal to 12. The diffuser , the settling chamber , the
validity of their definition for separation in osci— converging section and the test sections are all
ilatory unsteady laminar boundary layers. The present constructed out of plexi—glass pieces of dimensions
study proceeds fu r the r  in the area of transient and (3/4 in x 4 ft x 8 ft). A great effort was made to
impulsive flows to provide data that may appear useful avoid large deflections of the side walls . This was
to numerical analysts, accomplished by prestressed external steel reinforce-

ments and transverse aluminum bolts.
2. THE VPI WATER TUNNEL

The converging section leads into a 25 cm x 30 cm
The basic specifications that the VPI water tunnel (10 in x 12 in) rectangular test section . The test

was expected to meet were: a. Test sections appro— section is made up of interchangable un i t s  of 2 . 7  m (9
priate for studying laminar or turbulent boundary ft )  total length. In this way large Reynolds numbers
layers as well as the potential flow about simple with not so large velocities can be achieved. A I lexi—
models. Reynolds numbers based on the length of the ble shoot leads the flow into a low—head pump. The
test section should therefore range from 104 to 106 or pump is made by Bell and Gossett (model: VSCS—PF , S&D
more; b. Lowest possible volume so that expensive 12 x 14 x 12 1/2) and has the following basic character-
fluids like glycerin—water mixtures, Dow—Corning Fluid istics: 12 in discharge diameter , 8 ft head , and 2000
etc. could be used to fill the facility; c. Materials gpm flowrate. Chrome coating of the pump housing and
that would sustain corrosive fluids as for example MaCi the impeller appeared very expensive and time consuming.
solutions, necessary for hydrogen—bubble visualization, Instead it was decided to have these components cold—
potassium permanganate and dilute acidic solutions for galvanized by Livingstone Coating Co. of North Carolina.
dye visualization etc. It should be noted that no per— Two motors are available to drive the pump. The first
manent dyes can be used, since the working medium is is a “Marathon Electric” 1170 RPM, 230V, 15 H.P. motor
usually expensive and cannot be disposed after a set of which can drive the system at full speed (3m/eec). To
dye visualization experiments; d. Operation free of control the speed of the tunnel a DURCO BL—3ll cast
vibrations. It is imperative that vibrations fro the iron valve with a teflon lining and a stainless steel
pump and the driving stotor or any device used to gen— butterfly ie connected to the discharge of the pump.
erate unsteady hydrodynaaic effects should not be For the low range of velocities a 2 H.P., 220 V variable
transferred to the test section; a. Total cost within speed motor (U.S. Electrical Motors with a U.S. van —
the order of $15,000. This ts~k appeared difficult to drive) is also available. This motor can drive the
meet due to unexpected rises of material Costs, pump with a range of 292—1170 RPM.

To meet these specifications the tunnel shown in Elbows, transitions from rectangular to circular
Fig. 1 was designed. Long and carefully calculated sections and piping that connects the pump to the
diffusers were avoided in order to meet the requirements settling chamber were manufactured out of PVC (Poly—
of low cost and small total volume of working medium. Vinyl—Chloride) .
Synthetic materials resisting the corrosive cheaicajs
were chosen, namely plexiglass for the test sections A smaller facility was also constructed as shown
and the settling chamber and PVC pipes for the remaining in Fig. 2. This is a closed circuit tunnel with a free
sections of the tunnel, surface above the test section. The test section is

totally submerged but the driving of the flow can be
accomplished through a low speed impeller at the free
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successive slots of 5 ems width and then it is led into
the test section. In front of the reflecting mirror and

IMPE LLER along the light path , a flash bulb is also si tua ted,
- which may flash through the same slots into the test

_~E O P ~
CAL SL

~
S

Figure 2

The free—surface water tunnel. All dimensions in nun.

~~~~~
_— FLASH

surface of the facility. This tunnel offers the
advantages of very small volume of contained fluid ,
convenient exchange of the working mediums and as a
result , access to the model and the sensing devices.
The same test Sections from our larger facility are
received and therefore, preliminary tests can be Figure 3
performed with the small tunnel. Both facilities were
calibrated with the flow visualization methods describ— The optical arrangement for flow visualization.
ed in the sections that follow as well as by laser ane—
mometry. Still pictures are taken with a 35 mm Olympus

Camera and a 90 mm, f 2.8 Vivitar Macro Lens. Time
3. THE EXPERIMENTAL LAY—OUT exposures of 1/2 up to 1/120 sec are used . The images

of particles expose the film over the time exposure
To visualize the flow we use pliolite and am— interval by segments proportional to the average local

berlite particles* that are dispersed in the fluid, velocity. This method of course has some limitations.
The density of these substances is respectively p — The larger the speed of a particle , the shor ter time
1.02 and 1.05 g/cm3. These particles are separated by its image exposes the film at a certain point and
sieve—screening, accord ing to their size s, into particles therefore the contrast is reduced. This drawback could
of the order of 0.1 to 0.2 use. Pliolite particles are be compensated only if a very powerful source of light
bright white and should be preferred because of their is used. It was also discovered that the method is not
higher reflectivity. However,mlxtures of glycer in and appropr iate for  record ing flow f ields wi th bo th large
water are more dense than pure water and pliolite and small velocities. The proper camera speed is
particles dispersed in such mixtures experience buoy— determined by the order of magnitude of the velocities
ancy forces that push them toward the top of the that r e expected In the region of interest. If a
facility. Antberlite particles were proved more useful camera speed is chosen to reveal a small—velocity f ield
for experimenta with glycerin—water mixtures. The then the faster moving particles expose almost the
particles to be used in a certain experiment are mixed entire width of the film and it is impossible to
in vertical columns and allowed to settle. The neu— measure the lengths of individual path segments.
trally buoyant particles are withdrawn from the mix— Moreover the direction of the instantaneous velocity
ture , leaving behind the ones tha t either floa t to the cannot be calculated with accuracy, since for unsteady
top or sink to the bottom of the column, flows the particle paths do not coincide with the

instantaneous streamlines of the flow. Finally, the
The flow is visualized in planes parallel to the most important criticism may arise from the fact , that

axis of the test section. All of the models tested are for large accelerations of the flow and for long time
two—dimensional and the test section was scanned to exposures (1/2, 1/4 sec.) ,  the average velocity may be
check the two—dimensionality of the flow. A thin sheet very far from the instantaneous velocity. For all the
of ligh t is genera ted by a system of lenses as shown in experiments performed , this effect was carefully
Fig. 3, or by a parabolic reflec tor. The nearly considered and the error involved was estimated. A
parallel light so generated is passed through two typical length for changes due to unsteady diffusion is

the quantity Ld Vt whereas the path traveled by a
particle in the same period of time is L Ut. The*pljoljte is the commercial name of polyvinylto— P112ratio of the two lengths Ld/L. — (v/U t) is aluene butadi ene , made by Goodyear Chemieals. Pdimensionless number indicative of the relative order
of changes due to unsteady diffusion and convection .Amber l i te  is the commercial name of a whi te  ion The smaller this number , the more accurate the re—exchange resin, IRA—93 made by the Rohm and Haas
presentation of the unsteady flow by the presentompany. 
method. In our experiments this number was kept below
the value of 0.05.

r.
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Wi th the opening of the camera shu tter , a f l a sh
may be triggered to direct an intense beam of light LEN3T ~ 

-

through the same optical path. (see Fig. 3) In this - -~~~~ :~~~~
- -

way the beginnings of part icle  path segments are marked MODEL A
on the film with brighter spots. This technique is .7

particularly helpful if reversing flows are to be - -

examined. - 93 —
Separation of the boundary layer is usually 

—induced by adverse pressure gradients.  However , its
location is almost una f f ec t ed  by changes of the outer  -

—

flow conditions if the body configuration induces ;. - 

regions of strong adverse pressure gradients. In the - .  
extreme case of a sharp corner , as for  example the flow ~~OO .—~ -~
over a backward facing step, separa t ion is located F L A P P E R

almost always at the corner. A lot more interesting
for prac tical applications are the cases of mild - 

- - 
-

adverse pressure gradients , as for example the flow — - _ — — -

over a i r foi ls .  In these cases it is possible tha t — —— - -
~ - RU

minor changes of the outer flow , like a small increase -
~~ 

- _~~~t

of the angie of attack , may result in large excursions
of the point of separation. This implies large changes :.~~A F P  . T E ~~ .

3 E C T ( ~N

of the pressure d is t r ibu t ion  and therefore  changes of
integral  quant i t ies  like a i r fo i l  drag, l i f t , e tc .

To investigate the phenomenon of unsteady aepara— Figure 4
tion it was decided first to design an ideal situation ,
where for steady flows , two distinct locations of Circular arc model (model A) and schematic of the flap
Separation at points say I and II could be achieved, posit ions and streamline conf igura t ions  fo r  condit ions
The flow would then be forced to readjust from condi— I and II. All dimensions in mm.
tions I to conditions II impulsively, or in a transien t
manner or con tinuously, back and for th be tween I and
LI, in an oscillatory fashion. To this end a circular
section wi th dimensions given in Fig. 4 is a ttached at ~ ~ - S
the bottom of the test section. This model is made out , 

-
. . -

. 
-
. --

of plexiglass, to permi t ligh ting of the flow on its
surface .  It will be referred to in the sequel as model - -

A. A 7 ma deep hole was drilled and later filled with - -

epoxy , to proN tde a length scale. This is shown in 
‘ FL A P p E R  ~~~~~~~ _ ¶ . -__ _~ - -

almost all of the flow visualization pictures that - — 
~7 20 I

follow. It was later used to calculate the lengths of ,, ,. .. ~~~~ ~.,
par ticle pa th segments as well as to def ine  the axial - 

~4 I _______________

coordinates on the skin of the body. The boundary TUNNE L WALL I I 50

layer IS allowed to grow on the bottom wall of the test I I
Section. It is then led over a small accelerating 

- I I k-— —- -200— - -
region , at the forward portion and towards Separation  - 250 - -

at the lee side of our model. Separation is controlled I 
- 

-—

by a flap as shown in Fig. 4. Two positions of the - H-— -—-- — - --—
~~~°° -

flap are found tha t, for steady flow, correspond to two - - 450 - -

dist inct locations of separation , positions I and II 
550 

- 
- 

-

shown schematically in Pig. 4.

Experiments were also performed with a second Figure 5
model which essentially tepresents smoothing of the
contours and hence pressure gradients of the circular Smooth—pressure—gradient model (model B). All dimen—
arc just described. The dimensions of this model, sions in sin.
referred to in the sequel as model B, are given in Fig.
5. The afterbody of this model Ia adjustable, thus 4. TRANSIENT AND IMPULSIVE CHANGES OF THE PRESSURE
permitting minor changes in the values of the adverse DISTRIBUTION
pressure gradient.

In the first phase of our experiments , using model
The experiments described in this paper correspond A and water as a medium, we examine the case of im—

to flows over fixed surfaces, while unsteadiness is pulsive changes of the flow. To this end ,the f lap is
introduced via outer flow pressure distributions. The connected to a lever and a strong spring. With the
continuation of this effort, to be reported later, in— release of the lever a microswitch is activated and a
volvee experiments with moving surfaces. In the first flap quickly moves from position I to position II. A
category we simulate changes of the airfoil environment simple system of electronics Is used to activate the
due to gusts or outer flow disturbances. The second camera and the flash. This was first accomplished
category corresponds to changes of the angle of attack using the delay—circuit as shown in Fig. 6 to control
of an oscillating blade, the opening and the closing of the camera ’s shutter.

The time delay, At , between the in i t ia t ion  of the
phenomenon and the opening of the shutter is controlled
and the experiment I. repeated with different At in
order to receive the sequence of unsteady velocity —

r’ 24
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fields. This system has a clear disadvantage. A
sequence of pho tographs thus genera ted does not cor-
respond to d i ff e r e n t instances of the same transient
phenomenon , spaced apart  by equal t ime intervals.  It
represen ts, instead , the flow field of repetitions of
the same t rans ien t phenomenon , viewed at d if f e ren t
instances after its initiation. The repeatability of
the flow is therefore an important factor and in fact
some of the sequences of photographs thus received
indicate discontinuit ies.

t 0.6 sec. t 0.8 sec.

- F igure 7

- Flow visualization of upstream moving separation over- model A , for impulsive change 01 — 0 to 01I 40° and
s - S Y NCH Re — 104.I FLAP CAMERA

AXIS
~~~~~~~~~~ In Fig. 8 we show dye visualization of the same

_______ L IGHT SOURCF phenomenon. Dye is emmitted here approximately 10 mm
________ AND FLAS H 

downstream of the location of steady separa tion and it- 

is seen to creep upstream , underneath the laminarI PHOTOSENSOR boundary layer.
VARIA BLE TIMEAMPLIFYING DELAY CIRCUITCIRCUIT -

- POWER _____ 
-

SUPPLY _______

Figure 6

Elec tronic circuit for triggering the dis turbance
generator and the camera.

t 0 . Z sec. t 0.S sec,
One set of experiments was performed with model A , Figure 8l0~ and a sharp change of the flap inclination

from 0
~ 

— 0 to 011 — 40°. In Fig. 7 we show four Dye visualization for the flow of Fig. 7.visualizations of the flow at times t 0.2, 0.4, 0.6,
and 0.8 set, after the initiation of the impulsive A very interesting feature of the flow is apparentchange, taken with a camera speed of 1/8 sec. The from b.,th particle and dye visualization, The separatedsequence in Fig. 7 indicates that the location of region grows at the beginning in a controlled fashionseparation, moves slovly upstream. The initial station but after a certain time it appears as ~f it attainsof separation is marked in these plates by the Symbol momentum and its thickness increases abruptly. TheS
~ 
and the instantaneous station of separation defined phenomenon is reminiscent of the bursting of theby the wake formation, is marked by an arrow. However, leading edge separation bubble. This is clearly shownupstream of the point of separation, there exists a in the last frame of Fig. 7. The momentum thus gen—relatively thin region of reversed flow, in qualitative crated takes quickly the form of a well organizedagreement with the descriptions of Sears and Telionis vortex, The weak turbulent field of the wake is(15). Carr, MeAllater and McCroskey [21] et. al. (see probably still present but the dominant motion appearsreview article of Telionis, (22]). The reversed clearly to be the cortical motion and the exchange ofdirection of the flow is apparent from the bright dots mass with the outer stream which is accomplishedthat mark the particle location at the beginning of the further downstream. This trend appears to persist inf i lm exposure. all the experiments performed and it is documented in

many sequences of still frames some of which are
contained in Ref. 23.

Experiments performe d with smaller Reynolds
numbers indicate a characteristically different be 

-

______havior. Such experiments were performed in the smaller
facili ty,  (Fig. 2) with a mixture of glycerin and water
in a ratio 602 by volume . The use of glycerin mixtures ‘ C]
permits one to reduce the Re ynolds numbers without
simultaneous reduction of the velocities. It is
therefore easier to observe the flow and capture a
velocity field with a reasonable fil. exposure time.
Examination of low Reynolds number flows uain3 water as
a testing medium Would require very small velocities

t 0.2 s.c. t - ~.k eec. and unrealistically small At ’s. However, the use of S
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glycerin has some distadvantages as well. The dimen— is shot with a delay At0 — 0.5 sec . after an impulsivesionless number Ld /Lp (v/ 112t)l/2 which describes the change of the flap angle from 0 0 to (I 4O~ . Theratio of distances o diffusion propagation to particle following framea were received at intervals of At 1displacement, grows. As a result, the error involved Sec. The speed of exposure was kept rather low inwhen using the present method becomes larger. In the order to reveal the properties of slow moving flow atexperiments performed wi th  glycerin—water mixtures , the bottom of laminar boundary layer and in the  separa—L
d /L p ranged between 0.05 and 0.12. ted region. Immediately after the initiation of the

Impulsive change , the flow indicates a violent depart-
ure from the steady state configura tion, Very soon,
two distinct recirculating regions appear and a saddle
point configuration is formed at approximately the
station where steady separation occured. These flow
patterns could he interpreted as reversed flow upstream
of separation , if separation were to be defined as the
saddle point that Is shown in this figure . The velocity

J 8  ~j 5 fields shown in these frames are indeed fully contained

9 from velocity profiles derived from the visualization: r~ 16 

in the viscous region of the flow. This becomes clear

of Fig. 10 and shown in Fig. 11. However the first1 0 2 bubble seems to retain its identity even after the flow4 - - 
has arrived at its steady state condition. It is

I I  ,,
~ 4 1 therefore possible that such recirculating bubbles are

part of the wake which for low Reynolds numbers , is2 I 
usually made up of a few discrete vor t i ces .  It should

~~ DIG I TAL be emphasized that with larger viscosities , viscous- SIGNALS 4 ~~~~ 
diffusion is Increased and the response of viscous
phenomena , including separa tion , is faster. The
sequence of photographs shown in Pig. 10 could be_~J ~

7
~~~iE interpreted therefore as follows. Separation immedi—

1 ately moves upstream. The rearrangement of the vortices
-4.. WINDING in time then represen ts the fa m i l iar un stead inessSHUTTER OPEN 

~~~~~
“- — t  PERIOD contained in the wake. This would be the interpretation

tha t the nume rical analys t would probably offer (Meh ta
and Lavan , [24] Mehta , [25)). Indeed , for low Reynolds
numbers reversing of the flow d irec t ion could be
defined as separation,

Figure 9

In Fig. 12 we show a sequence of velocity f ieldsThe triggering system interfaced with a microprocessor: again for Re 1000 but with a final flap inclination1) test section with transparent walls (cross section); OIl A 30’. The general characteristics of the flow are2) plane of light (observation plane); 3) OLYMPUS OM—l similar. In fact it is now easier to accept that themotor drive camera (3 frames per second) with VIVITAR leading recirculating bubble is part of the attached90mm f2.8 MACRO LENS (1:1 magnification ratio); 4)
fast recycling XENON strobe (up to 20 flashes per
second) combined with continuous output 1000W Quartz
lamp in the same housing and focused at infinity by a
lens; 5) VIVITAR 283 STROBE (up to 3 flashes per second)
focused at Infinity by a lens; 6) oscillator (variable
speed motor, oscillating shaft); 7) KIM—i (MOS) micro-
processor (6502 ARRAY) with two 6530 arrays (R0MS), —N1152 bytes of “read” “write” memory, two program-
mable interval t imers , six LED display , keyboard ,audi o casse tte In ter face , TTY interface; 8) audio
cassette recorder interfaced with the microprocessor;9) camera ’s shutter open feedback through cameras
N SYNCH and slow strobe ’s (5) control line ; 10) t — 0.0  sec. t — 0 .5 sec.motor drive control line; 11) fast strobe ’s (4) con-trol line; 12) R.P.M. 2 phase feedback through aLED/photosensor; 13) audio cassette interface; 14)TTY interface with IBM computer (optional),

Transient flows are investigated again for low
Reynolds numbers. A more Sophisticated triggering
system is now being used. It involve~ a KIN—l micro-processor (see Fig. 9) which is programmed to receive
the signal of the initiation of the impulse and then
activate the flash and trigger the camera at specified
intervals of time, in this Way it is possible to
receive snapshots of the same phenomenon at different
times and thue capture the evolution of one single t — 1.5 sec. t — 2 .5  sec.unsteady flow field. In Fig. 10 we show a sequence of
velocity fields taken with a camera speed of 1/2 sec. Figure 10 continued on the next pageand a Reynolds number equal to 1001). The first frame
represents the steady flow for 0 — 0. The second frame
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~Ii~~~t 3 ,S sec. t 4,S aec t~~~ l.5 sec. t 2.S sec.

Figure 10
—

Flow visualization of instantaneous velocity fields over —

model A for an impulsive change 0
1 — 0 to 40

- • t 3 .S sec.

5 Figure 12

Flow visualization of instantaneous velocity f ie lds
- ;-‘ over model A for an impulsive change 01 0 to 

~~~ 
— 300

2 
- - and Re lO s.

i / s  ~~
‘-“  1

. C Experiments with water (R
~~ l05) were repeated for

• 
I / transient flows using the triggering system shown in

- - 
Fig. 7 and model B which provides milder pressure

• -
, 1 l3~~~• gradients. The sequence of frames shown in Fig. 13 was

A 
• received with an initial delay A t = 1 sec. and sub—

— ~ L -~ ~‘ f - L~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ sequent time intervals At 1 see? These p lates
represent average flow fields of the same phenomenon
which is developing in time. In the blow up of one of

Figure 11 these frames the very th in  layer of reversed f l ow
predicted theoretically in R e f .  26 , is clearly shown .

Ve~~ ity profiles at stations t~ — B and E, 28 (see Fig. Fig. 14 shows a sequence of velocity profiles at
4 ) ,  derIved from the flow visualization of Fig. 10. = 0. These profiles correspond to the initial steps

of the motion during which the flow is well ordered and
boundary layer. It appears quite possible and in fact the wake appears in the form of a recirculating bubble.
our experimental data seem to support this idea, that The sequence of plates of Fig, 13 indicates that at t —
with growing Reynolds numbers, the flow patterns shown 4 sec. a spectacular explosion occurs in the wake and
in Figs. 10 and 12 are conserved but their dimension the par ticles of the wake , including the ones that
perpendicular to the wall shrinks together with the reside next to the wall are jettisoned into the flow.
laminar boundary layer. If this is true it would imply Subsequently this erratic motion subsides and the
that  the pa t te rns  of Fig. 11 and 12 represent the configuration approaches the steady flow that cor—
recirculating flows in front of an upstream moving responds to the final flap angle.
separat ion as described by S~ara and Telionis [15] and
Despard and Miller [101.

t 0 ,O sec. t 0.S sec. t 0sec. t lsec .

Figure 13 continued on next page
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= 0

wi th ~ the potential function. Time is introduced via
the boundary condi t ions, in this case the free stream
velocity. However, in inviscid flow the pressure is
given by Bernoull i’s equation

+ ~~~-f( t)It 2 p

where V , p and f(t) are the velocity, pressure and an
arbi trary function of time respectively. Clearly time

t — 2 sec. t — 4 sec. variations of ~ generate pressure disturbances which in
turn influence to location of separation.

In Fig. 15 we show a sequence of velocity f ields

cm/sec. The visualization at t — 0 corresponds to the
undisturbed flow. The flow at an initial interval t~t

~~~~~~~~~~~~~~~~~~~~~~~~ for a flow accelerating from U0, — 12 cm/sec. to U. — 2 5

= 0.5 and subsequent intervals t t  — 1 sec. a f t e r  the 0

initiation of the acceleration is shown until t . t  — 3.5
sec. An inspection of the outer flow is enough to
convince that during the acceleration process the outer
f low essen tially “washes away ” the separated region.
Indeed separation is displaced downstream and even-
tually moves out of the frame of observation. Subse—

t — 5 sec. t — 7 sec. quently and after the outer flow hss achieved the new
ateady velocity of 25 cm/See , the point of separation

Figure 13 moves slowly again into the picture and arrives at
almost its initial position. This was expected since

Flow visualization of instantaneous velocity f ields for  Re 1000 or above , the loca t ion of separa tion in
over model B for an impulsive change °i = 0 to O IL — steady flow is insensitive to the magnitude of the
30° and Re — l0~ . Outer flow velocity.

Veloci ty prof i les  rece ived f r om these visualizations
are shown in Fig. 16. These profiles correspond to the
stations AA and BB , that is, the po in t above the scale

c:~~~~~~~~~~~~~~~~~~~~~

J

at point AA is probably a very small distance down—

0 1 1 - 1 25 5cc stream of the point of steady separation . The velocity

A ,.2-225~.c 
profile at this point clearly shows a vanishing of the

C t’3-325s0C 
skin f r ict ion , or perhaps a small region of slow

o I’002515c J) marker and 60 mm upstream , as shown in FIg. 4. The flow

reversed flow. After the acceleration of the outer2

- 
flow begins, the wall shear becomes positive and 

—

___________ 
I I
5 (0

u (c m/set)

Figure 14
t — O s e c .  t— 0 . S aec.

Velocity profiles at etation ~ — 15 derived from the
flow visualization of Fig. 13.

5. SEPARATION OVER A FIXED SURFACE WITH
OUTER FLOW ACCELERATIONS

Zn another set of experime nts vs studied th. re-
spons. of laminar separation to accelerating and
decelerating outer flows , for R 1000 In these
experiments the disturbing flap’was comp letely removed
and unsteadiness was introduced only via the change of
the .sgnttude of the Outer flow, it should be noted
here that potential flow is unaffected by such changes
and the streamline configuration of inviscid flow
should remain undisturbed. The flow is governed by t — 1.5 sec. t — 2.5 eec .
Laplace’s equation Figure 15 continued on next page
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separation , until no effect at all could be observed.
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Figure 15 1 

~
-

• I - C

Flor visualization for flow over model A accelerating 
-

in magnitude from U = 12 cm/sec to U,, = 25 cm/sec. 
• 
: , •

—•
• -

- I .;

I- ~~~~~~~ 
- Figure 17

L_ ~ - -~~~~ - —
20 1 30 Dimensionless velocity profiles for stations AA and BB

- p derived from the data of Fig. 16.
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t = O ,5 t 1.S sec.
Jj ~~ o/ ~~I C )  I (~s~/.ec)

l~~ 21) 30 - 20 30

F igure 16

Velocity profiles at stations ~ — 0 (station AA) and 
-

— 60 (station BB) (see FIg. 4) derived from the flow
visualization of Fig. 15.

increases sharply. The inflection point of the profile
disappears and oniy after the outer flow achieves its
f i n a l  value , we observe a sharp decrease of the velocity,
the appearance of a point of inflection an~ a vanishing
value of the velocity at the same distance fros, the t — 2.5 sec. t 3.5 sec.
wall as for t < 0. Normalized velocity profiles are
shown in Fig. 17. Figure 18

A sequence of instantaneous velocity fields for Flow visualization for flow over model B decelerating
decelerating flows is shown in Fig. 18. In this case in magnitude from U — 20 cm/sec. to U — 12 cm/sec.

,‘ the point of separation is displaced sharply upstream , 
—

while the separated region thickens abruptly. As time 6. PERIODIC DISTURBANCES OF THE OUTER FLOW
grows the flow pattern returns again to its original
configuration. In the present paper we report only on some pre li—

minary findings in the area of oscillatory flows.
A plot of the excursions of separation for aced — Disturbance. are again generated via flaps of different

erating and decelerating flows is shown in Pig. 19. In sizes in the downstream end of the .odels as shown in
the same figure we show the variations of the outer Fig. 4. The flap is driven by a variable speed motor
flow for comparison. It appears that the time scale of via pushing rods in the shape of a parallelogram. In
the response of separation is of the same order of this way , no external unbalanced forces are transmitted
magnitude with the scale of changes of the outer flow, and the test section is free of vibrations . The
Experiments repeated with .uch smaller accelerations mechanism that drive s the parallelogram is a classical
resulted in weaker displacements of the point of crank—connecting rod system with a relatively long rod,
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t ion f o r  acce le r -

f lows.
= 51/6

so that. harmonic osc il la ti o n s  can be approx ima ted .  Tile
range of f r equenc ie s  thus accomplished is 0.5 — 30 Fi gure  20
Hers .  Exper ience  der ived f rom the p r e s e n t  e x p er i men t s
and e a r l i e r  a n a l y t i c a l  and e x p e r i m e n t a l  I n v e s t i g a t i o n s  Flow v i su a l i z a t i o n  f o r  o s c i l l a t o r y  f l o w  over model A
in d i c a t e s  tha t  separat ion responds to unsteady d i s —  w i t h  a per iod  1 = 0.6 ~~~~ and P0 5 x i0 5 .
turbances with a characteristic inertia—like behavior.
It was thus expected that the domain of interest would
r a t h e r  be in the lowe r par t  of t i le range o f r e q u e n c i e s .

Th e t r i gger ing device of F ig .  9 Is used to s ignal
all the events. A photosensor receives a signal at a
specif ied phase of the rotating disk which drives the
flap (see point 6 in Fig. 9). This message is fed into .- -

the microprocessor , which in turn sends a signal to the 20 c 1

camera (line LO) after a delay time I t , after one cycle ~~ , 
~
.

is completed. Thus, during this nth cycle , the signal s Sec

arrives at the camera delayed by n/It. If the quantity 
- .ni~t exceeds the period oi oscillation , then the process  - -

is repeated starting from zero delay. In this way -

measurements are taken at different phases of the 
1periodic motion. a i

Figure 20 shows a sequence of averaged velocity / -
fields of a flow oscillating with a period T — 0.6 sec. 

-
.

and an average Reynolds number P S x jUS. Mea- - 
-

surements were received for t i  — 0.1 sec. The film
exposure time was 1/15 sec. At t — 0 the flap angle
vas e  0. A phase delay of approximately 6O~ is - - - - - 

_____— 
apparent. The separated region appears to gain 0 

- -

momentum and its thickness increases sharply. A
relatively violent vortex is in fact propagating f r om
downstream until it engulfs the whole wake. However Figure 21
the location of separation Is b i~-e1y af fect ed by the
oscillatory motion and remains approxim ately at the V l-ill ~- i t y  p r o f i l e s  of t h e  f l o w  of Fi g. 20 at ~ = 15 mm .
posItion 1. — 15 mm , that is two u n i t  l eng ths  up s tr e~Im
of ~ — 0. V~~lo  ( I V  p r o f i t s r c- l : . - iv t - d  at t i l e  point ot sepa—

rat ion  III-. detected from t i l t -  flow visual Izat tons Ir e
shown in f i  g . /  1. in t h i s  I i g l I r l  it is clear that the
wa l l  si -ar  I l u c t u a t  t-s i l - I  C I I I  t h . -  t I l l  and a n eg at  fvt-
value , I t  Is t h e r e f o r e  concluded t h a t  f o r  thc - case

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

OfO~i dti I~?d~ t h e  r i t e r i o n  p r  11 5 , -li  by Ik-spard and
M i l l e r  [1OJ is met,

~~~~~~~~
~- is ’ s examined the  p o i n t  of separa t ion  is displaced

t — T/6 t — 2T/6 further downstream as the  froqu.-n y Increases .  In  f a c t
for frequencies of the order of • 10 Hers, separation
disappears comp letely from the models l - x - I n I n l  - in this
stu dy. Comparison with the experimental dat — I of
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The present investigation of actual streamline
patterns and wake shapes indicates that the problem is
more complex than was orig in a l l y conceived . For mild

t~sec) adverse pressure gradients which should be t ue case in
R flows over thin eirfoils , the separated region is so

0 o 5 a’ thin that the point of flow reversal can be easily
confused with the point of separation. Pressure van s—

0 6 ‘ 10 tions would not be greatly affected by separation and
1 ,0 o 8 IC 3 perhaps the argument and the controversy over the

proper definition of separation in this case looses its

o o meaning.

One of the most Interesting flndin ,’, of t h e pre-
sent stud y is that a considerable time after an Im-
pulsive change has been imposed the separated region0 0
appears somehow to gather momentum and eventually

0,5- erupts into a violent motion which may later develop in
a strong and well ordered vortex. Subsequently this

5 io activity subsides and the flow returns to its stead y

~ 
(,,
~) s t a t e  p a t t e r n .

The stud y of accelerating or decelerating outer
flows indicates a strong influence on separation. A

Figur e 22 uniform acceleration essentially “washes away” sepa-
ration altogether , whereas deceleration pushe8 sepa—

The downstream displacement of the point of separation , ration upstream. After a small interval of time ,
separation slowly returns to its original position .

Despard and Miller was not possible because of the
differences in the range of frequencies ex3mined , Preliminary work with oscillatory flows resulted

In conclusions similar to those of Despard and Miller.
Separation is not affected by the amplitude of oscll—

7. CONCLUSIONS lation but responds quickly to changes of the frequency
of oscillation. The criterion proposed by Despard and

The presel t paper is the first formal report on ~~ Miller is met with reasonable accuracy, However for
experimental investi gation undertaken three years ago. the low range of frequencies and the configuration cf
It describes very briefly the facilities we designed the models examined , the point of separation is shift-.d
and constructed and the experimental methods we de— downstream of its quasi—stead y location. Perhaps his
veloped . The main thrust of our effort was directed is due to the fact that our o u t e r  flow velociLl spatial
towards the development of effective and accurate distribution varies with time, a situation that corres—
methods of 1 10w visualIzation , capable of supp lying ponds to a p itching airfoil , wilor l-as Desparci and Miller
qualitativ e as well as quantitative Information. Our generated disturbances only in the magnitude of the
target Is unsteady viscous f lows and both these char— outer flow.
acteri stics pose particularly irksome difficulties.

The flow visualization method developed , u n l i k e  ACKNOWLEDGEMENTS
the method of smoke visualization or the hydrogen
bubble technique , is nonintrusive . It provides the Research sponsored by the U.S. Army Research
capability to visualize without special provision , any Off ice under Grant No. pAncoq.7.S’~ G~oo6

’7part of the flow and permits the detection of forward
or reversed flow. Moreover , the method is app licable
to v i scous or i r i v i s c i d  as w e l l  as to l amina r  or tur-
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